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Abstract² Accurate integration of nanowire (NW) lasers with 
precise (sub-micrometric) control of their position and 
orientation angle with other photonic elements is demonstrated 
by means of a transfer-printing (TP) technique. 1- and 2-
dimensional arrays of NW lasers are fabricated onto regular 
and diffractive photonic substrates with full control on the 
number of NWs in the arrays, their position, orientation angle 
and spacing between elements. 
I. INTRODUCTION 
Since their first demonstration [1], semiconductor nanowire 
(NW) lasers have revolutionized photonic technologies offering 
coherent light sources at the nanoscale. Their unique properties 
including ultra-small dimensions, highly localized emission, 
low lasing thresholds, ensure that NW lasers will play a key role 
in next generation photonic circuitry for a wide range of 
applications, e.g. biosensors, solid-state electronics, optical 
communication systems, to name a few [2-4]. However, the 
difficulty to integrate these nano-lasers from their growth 
(native) substrate onto selected locations on desired photonic 
platforms has remained a fundamental problem preventing their 
widespread introduction into functional optoelectronic products. 
One of the critical difficulties is the achievement of accurate 
positioning (with sub-micrometric precision) of NW lasers onto 
target substrates whilst controlling also their orientation angle. 
By overcoming this challenge, it would be possible to create a 
wide range of complex nanophotonic integrated systems with 
these nano-scale coherent light sources. Several methods of 
organizing NWs with targeted orientations have been explored 
and reported in the literature such as: microtip-based systems 
[5], optical tweezers [6], and contact printing [7]. Although 
these techniques provide effective solutions to some of the 
integration difficulties, none of them offers positioning and 
alignment of individual NWs with high precision onto 
heterogeneous substrates, whilst retaining prospects for high-
scale device integration.  
To solve this pressing problem limiting the development of 
functional systems with key-enabling semiconductor NW 
devices, our research has focused on using a technique usually 
referred to as transfer-printing (TP) [2][8,9]. This technique 
utilizes polymer stamps to controllably capture and release 
semiconductor devices and has been previously used for 
optoelectronic systems assembly. For instance, transfer-
printing protocols have been widely used to integrate micro-
LEDs [10,11], III-V semiconductor components onto bespoke 
photonic platforms [12-14] and recently also to successfully 
transfer novel materials (e.g. MoS2 [15], graphene [16]). This 
transfer-printing technique offers therefore great perspectives 
for the hybrid integration of pre-fabricated devices onto target-
surfaces. This will in turn open great possibilities to assemble 
functional photonic devices using heterogeneous photonic 
components as building blocks allowing the development of 
photonic circuitry that could combine different material groups 
on a single photonic chip. For example, recent works have used 
transfer-printing protocols to integrate multiple-color micro-
light emitting diodes on a simple platform for next-generation 
visible light communications systems [10]. Besides that, this 
technique offers nearly 100 % transfer yields [17], thus building 
great confidence on its future adoption as a main manufacturing 
technique for next generation integrated optoelectronic systems.  
Recently, we have focused on extending the capabilities of 
this transfer-printing technique to operate with nanoscale 
devices, such as NW lasers. Using TP we have recently 
demonstrated [2][9][13,14] controlled positioning of NW lasers 
onto various substrates (e.g. silica, gold, polymers), as well as 
the integration of NW lasers onto mechanically flexible 
platforms which incorporate waveguide circuits that successful 
coupled and guided  the NW laser beams on-chip [13]. 
Additionally, in a recent work we demonstrated the integration 
of individual NW lasers onto µ&DW¶V H\H¶ nano-antennas for 
enhanced vertical light emission [14].  
In this work, we have advanced this fabrication technique at 
the nanoscale to allow the controllable angular orientation of 
selected NWs during the transfer-printing processes, whilst 
maintaining its sub-micrometric positioning accuracy during 
the NW capture and release stages. Importantly, the TP 
technique does not degrade the device performance or structure; 
hence, proving a very useful tool for the hybrid integration of 
NW lasers onto heterogeneous platforms for functional nano-
photonic applications [2]. 
In this work we have used indium phosphide (InP) NW lasers 
[2][18] (with dimensions of 435 nm in diameter and 5±ȝm in 
length) to demonstrate the potentials of the aforementioned TP 
technique to build 1-D and 2-D arrays of NW lasers using these 
ultrasmall nano-lasers as building blocks. These have been built 
with highly accurate control of NW positioning and orientation 
angle down to sub-micrometric precision and on a diverse set 
of substrates with various photonic functions. These include 
UHJXODU µIODW¶ VXUIDFHV VXFK DV VLOLFRQ RU SRO\PHUV and 
patterned diffractive substrates (e.g. polymer gratings). The 
latter provides a first proof-of-concept demonstration towards 
practical nano-laser systems with tailored emission properties 
by precisely aligning NW lasers with diffractive nano-photonic 
structures.  
 
Fig. 1: (a) Spectrum of a typical InP NW laser at room temperature. 
(b) Bright-field micrograph of a NW laser on a silica substrate. (c) 
Dark-field micrograph of the NW laser under optical excitation above 
threshold6FDOHEDUVȝP 
 
Fig. 2: Micro-PL setup. Ȝ KDOI-wave plate, PBS = polarizing beam 
splitter, NDF = neutral density filter, AW = attenuation wheel, BS = 
beam splitter, PER = periscope with optical objective, VS = variable 
stage, OF = optical fiber, CCD = CCD camera. 
 
II. CHARACTERISATION SETUP 
The InP NW lasers used in this work have typical lasing 
emissions in the spectral range from 840 to 900 nm. Fig. 1(a) 
shows the measured room-temperature optical spectrum from 
a typical InP NW laser lying down on a silica substrate under 
optical excitation above its lasing threshold. It is worth 
mentioning that although the spectrum for this specific InP 
NW laser shows single mode emission, these devices can 
support multiple transverse modes (for a review on the modal 
and light emission properties of these nano-lasers see [19]). 
Fig. 1(b) and (c), respectively show the bright- and dark-field 
micrographs of the NW laser whose spectrum is shown in Fig. 
1(a). To characterize the room-temperature emission of the InP 
NW lasers of this work we used a micro-photoluminescence 
(PL) setup to optically pump the NW lasers [2]. Fig. 2 shows 
the schematic of the micro-PL setup. This allows to collect 
light using a CCD camera and measure the optical spectra 
simultaneously; thereby providing the lasing threshold and 
spectral properties of NW lasers as well as their emission 
features. A green pulsed laser (pulse width 0.75 ns and 
repetition rate of 7.2 kHz) at the wavelength of 532 nm is used 
as the optical pump and the beam is directed onto the NWs 
through a combination of free-space, a periscope system and a 
10x optical objective. Light emission from the NW lasers is 
collected by a high-resolution spectrometer with a spectral 
resolution down to 50 pm. 
 
 
Fig. 3: (a) ± (g) Stages of the transfer-printing technique for the 
positioning and orientation of NW lasers. (a) The micro-stamp is 
aligned with a selected NW. (b) The tip of the micro-stamp makes full 
surface contact with the NW. (c) The NW is captured. (d) The micro-
stamp (with the NW) is moved onto the target area on the receiving 
substrate. The stage is rotated to the specified orientation of the NW. 
(e) The micro-stamp is accurately aligned to the target position in the 
receiver surface. (f) Full surface contact between micro-stamp and 
receiver substrate. (g) The NW is released on the target location with 
the desired orientation in the receiver substrate. 
 
III. TRANSFER-PRINTING TECHNIQUE 
The transfer-printing (TP) technique, firstly reported by 
Prof J. Rogers¶ Group at the University of Illinois (for a review 
see [8]), relies on principles of reversible adhesion [20]. It 
allows the controllable pick up of micro-/nano-scale devices 
from a ³GRQRU´VXEVWUDWHand placing them at desired locations 
onto a target receiver surface. These pick-and-place processes 
are carried out E\PHDQVRIHODVWRPHULFȝ-stamps [2], made of 
polydimethylsiloxane (PDMS), a widely used transparent 
silicone rubber. In this work, the TP technique is extended to 
allow the printing of ultra-small NW lasers with controlled 
position and orientation by means of a modified dip-pen nano-
lithography system [2], which has a three-axis translation stage, 
pitch and yaw control and a rotational module to offer 6 
degrees of freedom for NW capture and release. This allows 
not only to transfer a NW with high degree of accuracy from 
LWV RULJLQDO µdonor¶ VXEVWUDWH RQWR D VHFRQGDU\ µreceiver¶ 
surface, but also to fully rotate the nano-lasers during the 
release stage for increased accuracy and versatility.  
The stages of the TP technique are depicted in Figs. 3 (a-
g). At first, the micro-stamp is aligned with a selected NW 
laser (Fig. 3(a)). Then, after making surface contact, the NW 
laser is captured by the micro-stamp (Figs. 3(b-c)). Next, the 
micro-stamp is controllably moved onto a selected position on 
the receiver surface (which could be any surface of choice, 
such as polymer, silica, silicon, metals, etc.). The stage can be 
then rotated to match a selected release orientation angle 
between NW and receiving substrate (Fig. 3(d)), after which  
the micro-stamp is aligned at the target location (Fig. 3(e)). 
Full surface contact is made between NW and receiving 
substrate (see Fig. 3(f)). Finally, the NW is released onto the 
target location with high-accuracy (sub-micrometric precision), 
as shown in Fig. 3(g). Full details on the individual stages of 
the transfer-printing technique of this work for the precise 
positioning and orientation of NW lasers can be found in 
[2][13]. 
 
 
Fig. 4: (a) ± (c) Images showing the transfer-printing stages of an InP 
NW laser: (a) The micro-stamp captures an InP NW laser from the 
donor substrate. (b) Surface contact is made between micro-stamp and 
receiving substrate to release the NW. (c) NW is positioned at the 
GHVLUHGORFDWLRQRQWKHUHFHLYLQJVXEVWUDWH6FDOHEDUȝP 
IV. RESULTS 
The NWs used in this work themselves form a Fabry-Perot 
cavity that can therefore achieve lasing emission from their end-
facets when optically excited [18]. The InP NW lasers were 
mechanically transferred from their growth sample [2] onto a 
donor substrate of choice (in this case PDMS).  
Figs. 4(a-c) depict in detail the process followed to transfer-
print one of the NW lasers included in the 1D array shown in 
Fig. 5 (marked by a red dotted square). The array was built by 
means of TP on a silicon surface using a micro-stamp design 
with flat tip [2]. It is worth noting that using flat-tip micro-
stamps is important for the fabrication of systems where the 
orientation angle of the NWs is crucial. Since the micro-stamp 
design is fully transparent (in contrast to other semi-transparent 
types [2-9]), it allows us to clearly visualize all the transfer-
printing processes to achieve a higher degree of precision. Fig. 
4(c) shows that after the transfer-printing protocols, the selected 
NW laser is positioned at a desired location with a controlled 
orientation angle of 15 degrees with respect to another 
previously transfer-printed NW laser 20 ȝm apart. Repeating 
this process, we successfully built a 1-Dimensional NW laser 
array of Fig. 5 The NW lasers in the array have a spacing of 20 
ȝP and sequentially rotated by 15 degrees with respect to each 
other. Importantly, this transfer-printing technique allows 
SUHFLVLRQ OHYHOV ZHOO EHORZ ȝP DV LQLWLDOO\ LQYHVWLJDWHG LQ
[13], where axis alignment accuracies of 50 ± 35 nm were 
achieved for two NW lasers printed in series.  
In this work, we have also developed 2-Dimensional (2-D) 
arrays with NW lasers where both the position and the 
orientation angle of the individual NW devices are fully 
controlled. Fig. 6(a) shows an SEM image of a 2-D 3 x 3 array 
of NW lasers built on a silicon substrate with lateral (vertical) 
separation between contiguous elements in the same row 
(column) equal to 10 µm. In the array of Fig. 6(a), the NWs in 
each column are deposited with distinct angular orientations, 
namely 0 (left), 45 (middle) and 90 (right) degrees. 
 
 
Fig. 5: Scanning Electron Microscope (SEM) image of a 1-D array of 
NW lasers with individual elements separated by  ȝP and with 
controlled orientation angles from 0 to 90 degrees (in 15 degrees 
VWHSV6FDOHEDUȝP 
Fig. 6(b) shows our first results on this new research 
direction demonstrating the accurate integration of InP NW 
lasers at specific locations and desired orientation angle (0, 45, 
and 90 degrees) onto a 50 nm-pitch polymer grating (fabricated 
in PDMS). Fig. 6(b) provides our first proof-of-concept 
demonstration on the controllable integration of 
semiconductor NW lasers onto grating structures with their 
axes fully or partially aligned (and misaligned) with respect to 
WKHJUDWLQJ¶VRULHQWDWLRQPDUNHd by the double black arrow in 
Fig. 6(b)). This will in turn affect differently the distinct modes 
supported by the NW lasers. The proof-of-concept 
demonstrations discussed here show indeed excellent 
prospects for future systems with NW lasers controllably 
integrated onto patterned diffractive substrates (e.g. nano-
antennas, polymer gratings, etc.) to enable us to tailor the 
emission properties of NW lasers. 
 
 
Fig. 6: (a) SEM image of a 2D array of InP NW lasers. The NWs on 
different columns have been integrated with different angle 
orientations (0, 45 and 90 degrees)6FDOHEDUȝPE1:ODVHUV
transfer-printed on a 50 nm-pitch PDMS grating with different 
RULHQWDWLRQDQJOHVDQGGHJUHHV6FDOHEDUȝP 
V. CONCLUSIONS 
This work demonstrates the accurate positioning of 
semiconductor NW lasers with full control of their orientation 
angle onto diverse substrates by means of a nanoscale transfer-
printing technique. We fabricated 1-D and 2-D arrays of NW 
lasers with controlled separation between elements and desired 
NW orientation angles. Our technique also offers exciting 
prospects for the fabrication of nano-laser systems where both 
the position and orientation of the NWs are critical for 
optimized performance. In particular, we provide proof-of-
concept demonstration of precise integration of NW lasers at 
desired locations and with controlled orientation angle onto 
polymer grating substrates for future nano-laser systems with 
tailored emission wavelength.  
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